The diffuse plasma inside clusters of galaxies has X-ray emitting temperatures of a few keV. The physical mechanisms that heat this intracluster medium (ICM) to such temperatures include the accretion shock at the periphery of a galaxy cluster, the shocks driven by merger events, as well as a somewhat overlooked mechanism -the dissipation of intracluster turbulent motions. We study the relative role of these heating mechanisms using simulated galaxy clusters in a set of Lagrangian tracer particle re-simulations of the non-radiative run of the Omega500 cosmological simulation. We adopt a novel analysis method of decomposing the temperature increase at each time step into that associated with entropy increase and that caused by density variations, which enables separation of irreversible dissipative heating and adiabatic heating. The high time resolution and a large number of tracer particles allow a unique view of the spatial-temporal distribution of these heating rates, in which merger tracks are clearly visible, demonstrating the dominant role of merger events in heating the ICM. The dissipative heating contributed by each merger event is extended in time and occurs also in regions where the gas density is decreasing, suggesting the importance of heating by the dissipation of merger-induced turbulence. Quantitative analysis shows that turbulence heating, rather than direct heating at merger shocks, dominates the temperature increase of the ICM especially at inner radii r < r 500c , and the radial dependent turbulence dissipation time leads to the characteristic decreasing temperature profile of galaxy clusters. In addition, we find that many merger shocks can propagate with almost constant velocity to very large radii r r 500c , some even reach and join with the accretion shock, becoming the outer boundary of the ICM. Alltogether, these results suggest that the ICM is heated more in an 'inside-out' fashion rather than 'outside-in' as depicted in the classical smooth accretion picture.
INTRODUCTION
Galaxy clusters contain intracluster medium (ICM), which consists of baryonic gas with X-ray emitting thermal temperatures. There is a consensus that this high temperature originates predominantly from gravitational energy released during the assembly of galaxy clusters' large gravitational potential well as a result of cosmic structure growth (Walker et al. 2019 , for a recent review). Nongravitational processes such as radiative cooling and feedback from SNe and AGN modify the temperature only in the central regions of the ICM (e.g., Barnes et al. 2018; Tremmel et al. 2019 ) and have limited influence on ICM thermodynamics when we consider the whole cluster region.
The detailed mechanism of the conversion from gravitational E-mail: xun@ynu.edu.cn binding energy to the thermal energy of the ICM, e.g., when, where and how is the ICM heated, is less clear. In the classical smooth accretion picture of ICM assembly (e.g., Tozzi & Norman 2001; Voit et al. 2003) , the accretion shock at the periphery of the ICM plays a dominant role in heating the ICM. In this picture, if nongravitational heating is neglected, ICM gas entropy is gained only at the accretion shock when the gas falls smoothly from the intergalactic space onto a galaxy cluster. Subsequently, the gas gradually moves inward due to its residue infall velocity and its temperature further increases due to adiabatic compression, during which process the entropy is kept fixed.
On the other hand, it is well-known that merger events, especially major mergers, have a great impact on the heating of the ICM. Mergers affect ICM heating in several ways. Firstly, mergers correspond to a different way of galaxy cluster mass growth other than smooth accretion. Gas carried into the ICM by merging ob-jects does not go through the accretion shock. Instead, it maintains a high velocity in the ICM, generating merger shocks while getting stripped and mixed with the ICM (e.g., Ricker & Sarazin 2001; Paul et al. 2011; Ha et al. 2018; Zhang et al. 2019) . These merger shocks reveal themselves in X-ray observations as sharp surface brightness edges and temperature discontinuities, and sometimes also in radio observations as radio relics (e.g., Markevitch & Vikhlinin 2007; Feretti et al. 2012; Bykov et al. 2015; van Weeren et al. 2019 ). As they propagate through the galaxy cluster, the merger shocks heat the ICM (Sarazin 2002; McCarthy et al. 2007; ZuHone 2011) . Although they have typically low Mach numbers of 2 − 4, much lower than that of the accretion shock, the heating from these merger shocks in terms of temperature increase may still be significant.
Secondly, merger events generate turbulent gas motions in the ICM, as demonstrated by hydrodynamic numerical simulations (e.g., Norman & Bryan 1999; Iapichino & Niemeyer 2008; Nelson et al. 2012; Nagai et al. 2013; Miniati 2014; Iapichino et al. 2017; Vazza et al. 2012 Vazza et al. , 2017 . These turbulent gas motions provide non-thermal pressure (Lau et al. 2009; Battaglia et al. 2012; Nelson et al. 2014b; Shi & Komatsu 2014; Shi et al. 2015 ) that biases the cluster mass estimate based on hydrostatic equilibrium (Rasia et al. 2006; Nagai et al. 2007; Battaglia et al. 2012; Lau et al. 2013; Shi et al. 2016; Biffi et al. 2016; Henson et al. 2017; Ansarifard et al. 2019) , mix the chemicals in the ICM (Ruszkowski & Oh 2010) , and generate intracluster magnetic fields (Cho 2014; Beresnyak & Miniati 2016; Vazza et al. 2018; Donnert et al. 2018) . They can carry a significant amount of kinetic energy, which eventually dissipates to heat. Compared to the merger shock heating which happens instantaneously at shock fronts, this merger-induced turbulence heating corresponds to delayed heating that is extended in time. Also, the characteristic time scale of turbulence dissipation heating in the ICM is radial dependent (e.g., Shi & Komatsu 2014; Shi et al. 2018) , which may play a significant role in shaping the temperature structure of the ICM (Avestruz et al. 2016 ).
The smooth accretion and the effect of the mergers represent two different aspects of ICM assembly. What are their roles in a unified picture of ICM heating? What is the relative contribution of merger shocks and turbulence dissipation? How do these depend on radius and time? Answering these questions is essential for understanding the structures of ICM properties and their connection to the large scale cosmic environment, which are among the key science questions of the upcoming X-ray and Sunyaev-Zel'dovich (SZ) programs (see e.g., Walker et al. 2019; Mroczkowski et al. 2019 , for recent reviews and references therein), such as eROSITA, XRISM, Athena, Lynx, Cosmic Web Explorer in X-ray and Simons Observatory, CMB-S4, CMB-HD in microwave. In this paper, we shall investigate these questions using hydrodynamical cosmological simulations of galaxy cluster formation.
Finding the answers is complicated by the fact that the ICM is a compressive media, and thus density variations also lead to adiabatic temperature variations apart from the irreversible heating from dissipative processes. Luckily, these two sources of heating can be clearly separated by examining the entropy K = P/ρ γ gas , with P and ρ gas being the pressure and density of the gas, and γ being the adiabatic index. While dissipative heating increases entropy, adiabatic temperature variations keep entropy unaltered.
In this study, we use a tracer particle re-simulation of the Omega500 simulation, a large Eulerian cosmological simulation specially designed to study galaxy clusters (Nelson et al. 2014a) , to study the thermal history of the ICM. We focus on the sources, radial distribution and temporal distribution of the ICM heating.
DECOMPOSITION OF DISSIPATIVE AND ADIABATIC HEATING
Gas entropy is a useful variable in revealing the ICM thermodynamical history. We use it to distinguish dissipative heating including heating by the accretion shock, merger shocks, and the dissipation of turbulence, and adiabatic heating/cooling caused by compression/rarefaction of the gas. Namely, we decompose the contribution to the ICM temperature increment into dT = dT diss + dT ad (1) for each tracer particle at each time step, with dissipative heating dT diss being the irreversible heating associated with entropy increase,
and adiabatic heating dT ad denoting the heating/cooling from density increase/decrease which keeps the gas entropy constant,
This decomposition (Eq. 1) is the key method of this paper. We shall use it in several different ways to explore different physics:
(i) We access the importance of the adiabatic heating in the smooth accretion picture by comparing the average dissipative heating ∆T diss and adiabatic heating ∆T ad across the growth history of a galaxy cluster.
(ii) To see where and when the ICM is heated, we visualize the spatial-temporal distribution of dT diss and dT ad .
(iii) The relative role of shock heating and heating by turbulence dissipation is evaluated by comparing the accumulated dissipative heating ∆T diss that occurred in the compression region of the ICM (dρ gas > 0 i.e., dT ad > 0) and that in the rarefaction region of the ICM (dρ gas < 0 i.e., dT ad < 0).
(iv) We estimate the Mach number of the merger shocks by comparing dT diss and dT ad at merger shock fronts.
The results of these analyses will be presented in Sections 4.1 to 4.4 respectively.
TRACER PARTICLE SIMULATION AND THE SELECTED GALAXY CLUSTER
We base our study on the non-radiative run of the Omega500 simulation (Nelson et al. 2014a ), a large cosmological Eulerian simulation specifically designed to study the evolution of galaxy clusters, which yields a large sample of highly resolved galaxy clusters at redshift zero (see Nelson et al. 2014a,b for more information). The simulation is performed in a flat ΛCDM cosmology with WMAP five-year (WMAP5) cosmological parameters: Ω m = 0.27, Ω b = 0.0469, h = 0.7 and σ 8 = 0.8, with h being the reduced Hubble constant and σ 8 = 0.8 the mass variance within spheres of radius of 8 h −1 Mpc. The simulation box size is 500 h −1 Mpc and the maximum comoving spatial resolution is 3.8 h −1 kpc.
A Lagrangian perspective has a significant advantage over an Eulerian one in studying the thermal history of gas, because it tracks particle trajectories and thus can separate heating and cooling from transport effects. To enable a Lagrangian study of the ICM, we perform a re-simulation of the Eulerian simulation with a large number ( 10 8 ) of Lagrangian tracer particles. The tracer particles are injected into the simulations at the initial condition with a number density proportional to the local gas density so that Figure 1 . Mass growth history of the selected galaxy cluster. M 500c is the mass enclosed in a radius in which the mean matter density is 500 times that of the critical density of the universe, t is cosmic time, and a is the cosmic scale factor. each tracer particle represents a unit of gas with an equal mass of 1.73 × 10 10 M . Then the tracer particles are passively advected with time using the 3D velocity field of the Eulerian simulation, and their thermodynamical quantities of the single highest resolution gas cell that the particle belongs to are reported when outputting the tracer particle information. The output of the tracer particle re-simulation is saved at a very fine time resolution of 20-30 Myr, which amounts to more than 400 snapshots between redshifts z = 4 and z = 0. We apply the decomposition described in Section 2 to galaxy clusters in the tracer particle simulation. A few galaxy clusters have been examined. However, for the clarity of presentation, we only show results for the most massive, and thus the best resolved galaxy cluster in the simulation, which has M 500c = 6.4 × 10 14 M and r 500c = 1.3 Mpc at z = 0. The selected galaxy cluster experienced an intense major merger epoch starting at around cosmic scale factor a ≈ 0.5 (t ≈ 6 Gyr), during which multiple small galaxy clusters of comparable sizes merged and formed a massive cluster (see Fig. 1 ). The last small cluster joined the system at around a = 0.7 and merged into the center of the system at about a = 0.75. After this, the system stayed rather quiescent, had only a few minor mergers till the end of the simulation at a = 1. We show images of the thermodynamic quantities of this selected galaxy cluster at various cosmic times in Fig. 2 , and the evolution of its density and entropy profiles in Fig. 3 . Since this single cluster has had various dynamical states during its growth history, the diversity of a sample of clusters induced by their different dynamical states is largely covered by studying the time evolution of this selected cluster. Indeed, we do not see qualitatively new features in other galaxy clusters in the simulation.
To study the growth of this galaxy cluster in its large scale environment, we select tracer particles within a large radius of 10r 500c of this galaxy cluster at z = 0 and trace back how their thermodynamical properties evolved over space and time.
RESULTS

Thermal history of the ICM
First of all, we examine the overall thermal history of the gas particles in the ICM: when did they get heated to their current temperature, and from what heating mode (dissipative or adiabatic)?
We expect the answer to depend on the distance of the gas particle to the cluster center, since a galaxy cluster builds up itself in an inside-out fashion. Fig. 4 presents the average heating history of shells of tracer particles selected at various radii at z = 0. It shows that intracluster gas experiences continuous heating after accreting onto a galaxy cluster, rather than being heated dissipatively at a single epoch when it passes through the accretion shock and afterward experiences only adiabatic heating; namely, it does not follow the picture depicted by the smooth accretion models (Tozzi & Norman 2001; Voit et al. 2003) .
The heating mode that is responsible for the observed temperature of the ICM is the dissipative heating. The contribution from adiabatic heating is on average negative (i.e., cooling rather than heating) for all shells of tracer particles at most of the time. This reflects the fact that cosmic gas does not become denser when it enters a galaxy cluster. Rather, it preserves its high density at an early cosmic epoch better in the region of a galaxy cluster (c.f. top panels of Fig. 2 ), but even there, the density slightly decreases with cosmic expansion as shown by the slight adiabatic cooling in the central regions (upper panels of Fig. 4 ) 1 . The strong adiabatic cooling shown at the outer low-density regions (lower panels of Fig. 4 ) may be temporarily depending on the dynamical state of the cluster.
Dynamical Heating of the ICM by Mergers
We then ask the question where and when is the ICM getting heated and answer it by plotting the 'dynamic profile' (i.e., the radial-temporal distribution of the heating rate) for the simulated cluster in Figs. 5 and 6. Specifically, we bin the tracer particles in dr − dt bins and plot the average compressive/dissipative heating rates of all tracer particles in each bin. By taking advantage of the fine time resolution and a large number of tracer particles, we can take small bin sizes (dr ≈ 26 kpc and dt ≈ 28 Myr) which allow us to obtain detailed maps of the heating history of the simulated galaxy cluster. We also separate the tracer particles into those tracing 'diffuse' gas and 'filamentary/clumpy' gas depending on whether their density is smaller or larger than two times the median density in the corresponding dr − dt bin. In Figs. 5 and 6, we plot only the contributions from the diffuse tracer particles to show the heating in the volume-filling diffuse ICM.
The location and time of intensive heating show patterns that are clearly related to mergers. In Fig. 5 , one can easily identify more than ten heating (red and yellow) tracks, showing the prominent outward propagating (with positive slopes in the r − t plane) merger shocks. These outgoing heating tracks are followed by cooling (blue) tracks, indicating rarefaction waves. The inward propagating (with negative slopes in the r − t plane) shocks preceding the outward propagating ones are also evident for some merger events. They trace the shocks that formed before the pericentric passage of the merger. In contrast to the large number of merger tracks observable in Fig. 5 , the number of prominent merger tracks is much smaller in Fig. 6 . This suggests that mergers, even relative minor The thickness of the slice is limited by an opening angle of π/10, (i.e., we take 9π/20 < θ < 11π/20) with respect to the z-axis being perpendicular to the presented slice. mergers, have a significant effect in adiabatically heating/cooling the ICM by varying the gas densities. In comparison, only the major mergers are effective in causing the irreversible dissipative heating by varying gas entropies. For our selected cluster, the two strongest mergers occurred during the epoch of major mergers. They can be identified by the two most intensive heating tracks in Fig. 6 . The contrast of the merger shock tracks in Figs. 5 and 6 reduces with distance. This is partially due to reduced shock heating at cluster outskirts where ICM temperature is lower, and partially due to broadened shock fronts at large distances due to anisotropic propagation and lower numerical resolution.
The accretion shock does not appear clearly in Figs. 5 and 6 as a prominent heating source even after taking account of the shock broadening effect. This carries the same message as Fig. 4 , that the heating by mergers dominates over the heating at the accretion shock. This suggests that, in contrast to the 'outside-in' heating depicted in the smooth accretion picture, the ICM is heated more in a 'inside-out' fashion as kinetic energy from mergers drives thermodynamical heating starting from the cluster central regions to the outskirts. In other words, the heating from filamentary/clumpy accretion dominates over that from diffuse accretion although both accretion modes are important in building a cluster mass object, as the former deposits matter much deeper into the potential well and thus more energy can be converted into heat per particle. It would be interesting to compare the results with that for galaxy groups and galaxies, where radiative cooling further enhances the filamentary/clumpy mode of accretion.
Radial-dependent heating mechanism
In addition to direct heating at shock fronts, the ICM is heated also by the dissipation of kinetic energy contained in the gas motions. The role of gas motions in heating the ICM has been studied in the cluster core regions that are affected by AGN feedback. Gas motions in these regions are expected to help balance radiative cooling and prevent a massive cooling flow in some cool core clusters (e.g., Zhuravleva et al. 2014 Zhuravleva et al. , 2018 . The heating of mergerinduced turbulent motions in the bulk of ICM, however, has not been studied systematically. The relative importance of such heating versus that of shock heating remains an open question.
Comparing the patterns of heating in Fig. 5 and Fig. 6 , one notices that there is heating associated with the merger but not directly contributed by the merger shock: the dissipative heating is much more extended in time than the adiabatic heating, and it extends well into regions where dT ad /dt < 0 (Fig. 5) ; i.e., they occur in rarefaction regions where the gas density is decreasing. As dissipative heating at shock fronts occurs only in compression regions (since the shock front heats and compresses at the same time), the physical mechanism that generates dissipative heating in rarefaction regions must be subsonic. In our simulations, the only subsonic physical process that leads to heating is the dissipation of subsonic ICM motions. We refer to this as 'turbulence dissipation' in general, since although a considerable fraction of subsonic kinetic energy of the ICM resides in bulk motions, it would dissipate into heat also through turbulence dissipation if the effective ICM viscosity is low. Thus, we take the dissipative heating in rarefaction regions as evidence of time-distributed turbulence dissipation of merger-generated ICM motions, which occurs in both the compression and rarefaction regions.
Therefore, the fraction of dissipative heating in compression is divided into that from dissipative heating (red dotted line) and that from adiabatic heating (blue dashed line). The dissipative temperature increase is distributed over time, with no sign of accretion shock heating dominance which would mean concentrated heating at a certain cluster-entering epoch. At most times and radii, the temperature increase contributed by the adiabatic heating have negative values, suggesting a reduction of gas density with time on average, which also contradicts the smooth accretion model picture.
versus rarefaction regions can serve as an indicator of the fraction of heating at shock fronts compared to turbulence dissipation heating. In order to estimate this fraction more quantitatively, we separate the dissipative temperature increment dT diss for each tracer particle into that occurred in 'compression region' (dρ gas > 0) and that in 'rarefaction region' (dρ gas < 0), and compute the average contribution from both regions for tracer particles in radial bins of size 0.1r 500c at z = 0. The result is presented in Fig. 7 for the temperature increment ∆T diss between z = 1 and z = 0. As shown by Fig. 7 , heating in rarefaction regions, and thus turbulence heating, dominates the total amount of dissipative heating that has occurred between redshift one and zero at inner radii r r 500c . 2 This is consistent with the low-Mach number (M ∼ 2−4) typical of merger shocks in this intracluster region, which implies a weak dissipative heating efficiency (Ryu et al. 2003; Kang et al. 2007 ) and that most of the coherent kinetic energy associated with mergers is transferred into random gas motions in the ICM (Shi & Komatsu 2014) . In comparison, Miniati & Beresnyak (2015) found that the fractional heating contributed by numerically resolved turbulence dissipation is about one third in the inner regions (r < r vir /3) in their simulated galaxy cluster.
Outside r 500c , turbulence heating decreases with radius 2 Mixing among neighboring gas particles affects the computation of the relative heating in the compression and rarefaction regions, as will be discussed later in this section and the appendices. We, therefore, concentrate only on the most reliable features in Fig. 7 . For example, we consider the heating in the rarefaction regions as dominating only where it is significantly (more than two times) greater over the heating in the compression region. This results in a conservative radial limit of this domination, r r 500c .
inward shock outward shock Figure 5 . Distribution of adiabatic heating (and cooling) rate dT ad /dt over radius r and the cosmic time t showing the spatial-temporal distribution of compression/rarefaction in the ICM of the selected galaxy cluster. Tracer particles with density above twice the median density in each dr − dt bin are ignored to show the adiabatic heating/cooling in the diffuse medium. The gray dashed, dash-dotted, and dotted lines mark the radii of r 500c , r 200c and r 200m respectively. The white dashed line indicates the volume-averaged accretion shock radius, whereas the white dotted line indicates the maximum accretion shock radius. Outward propagating shocks leave prominent red/yellow colored tracks with positive slopes on the r − t plane. They are followed by rarefaction waves indicated by the blue regions. For some mergers, an inward propagating shock that forms before the merging structure reaching its pericenter (red/yellow colored track with negative slopes on the r − t plane) can also be identified. There is dissipative heating not only at the compressive shock fronts but also in the rarefaction regions with negative d ln T ad , suggesting the existence of heating mechanism other than direct heating at shock fronts. . Dissipative heating ∆T diss for tracer particles between redshifts z = 1 and z = 0 as a function of the radius of the tracer particle at z = 0 around the selected galaxy cluster. Total dissipative heating (black dotted line) is divided into that happened in the compression region (red solid line) and that happened in the rarefaction region (blue dashed line), with the former being contributed by both shock heating and turbulence heating, and the latter by turbulence heating alone. The dominance of ∆T diss in the rarefaction region over that in the compression region suggests the dominance of turbulence heating over shock heating, particularly at small radii. Here, compression / rarefaction is determined by the sign of a particle's density variation after ten snapshots (δt ≈ 250 Myr) in order to suppress the noise from tiny density variations between subsequent snapshots. Tracer particles are averaged in radial bins of size 0.1r 500c at z = 0.
( Fig. 7) , which appears to be the major cause of a reduced temperature at cluster outskirts compared to the inner regions. This is at least partially due to the longer turbulence dissipation time of ICM gas motions at large radii, as suggested in Shi & Komatsu (2014) and shown by a multi-scale analysis of simulated galaxy clusters by Shi et al. (2018) . Physically, a longer turbulence dissipation time at large radii in galaxy clusters is likely the result of weaker density stratification and a subsequent longer buoyancy time there (Shi & Zhang 2019) . This radial dependent turbulence dissipation time and the subsequent radial dependent heating could also explain the deviation of the gas temperature profile in the cluster outskirts from self-similar evolution (see Avestruz et al. 2016, and references therein) . In a broader picture, this provides a detailed example of how mass accretion influences the self-similarity of gas profiles in galaxy clusters (Lau et al. 2015) . The ratio of dissipative heating happened in the compression region (red solid line) versus that in the rarefaction region (blue dashed line) increases with radius. As shock heating contributes only to the red solid line and turbulence heating contributes to both lines, the increasing ratio suggests a stronger role of shock heating at larger radii. Apart from the less efficient turbulence dissipation at large radii as described above, this is also contributed by the larger Mach number of a typical merger shock at large radii (see Sect. 4.4 .2) which leads to stronger shock heating there.
When interpreting the results related to Fig. 7 , one must be aware of the possible contamination from mixing between gas elements of different densities. Isobaric mixing between gas elements of different densities does not lead to heating on average (see Ap- Figure 8 . Evolution of the dissipative heating rate for tracer particles around the selected galaxy cluster in a thin r − φ slice with 9π/20 < θ < 11π/20 (same as the region presented in Fig. 2) . Outward propagating merger shock fronts can be seen at −130 < φ < −20, 10 < φ < 50, and 80 < φ < 170 degrees, as marked by the red curves. The outmost shock fronts have already joined with the accretion shock and mark the outer boundary of the ICM. In addition, eddy-and wave-like patterns (indicated with the black and white boxes, respectively) are present at small radii. The color-coding indicates the average dissipative heating rate in each dr − dφ bin. Regions not populated with any tracer particles are left white. Some regions have negative dissipative heating rates due to mixing effects (see Appendix. A and B). pendix. A). However, it introduces an anti-correlation between dK and dρ gas which mimics heating in rarefaction regions. Since mixing occurs predominantly at boundaries between diffuse ICM and dense structures like filaments and clumps, we limit its effect by restricting our analysis to diffuse regions. Additionally, we apply either spatial or temporal binning in our analysis in this paper to reduce mixing effects in diffuse regions (see Appendix. B). Specifically, for the analysis presented in Fig. 7 , we have used a time step that is ten times the time resolution of the tracer particle simulation outputs when identifying the sign of dρ gas . The choice of the time step affects the quantitative result. We discuss the choice of binning in Appendix. B and show that our main results here, i.e., the increasing importance of shock heating with radius and the dominance of turbulence heating at inner regions, are robust against it.
In the spatial distribution map of the dissipative heating rate (Fig. 8) , there exists patterns directly indicative of the heating mechanism. In a few directions (−130 < φ < −20, 10 < φ < 50, and 80 < φ < 170 degrees) in Fig. 8, one can clearly see dissipation at merger shock fronts propagating outward with time, reaching large radii. In some directions, multiple layers of merger shock waves can be identified. We have marked the locations of the most prominent shock fronts with red curves. At small radii (r < 4 Mpc), there are eddy-like patterns, for example the ones indicated with black boxes in the bottom panel, suggesting dissipation of turbulent gas motions. In the innermost regions (r 1 Mpc) 3 in each panel, one can see stratified, wave-like patterns (most clearly shown in the region marked by the white box in the third panel). They are indicative of dissipation of gravity waves, which in this paper we classify as part of the 'turbulent motions'. The fact that the merger shocks appear across a large range of radius and the turbulent motions are more prominent at relatively small radii is consistent with the quantitative results shown in Fig. 7 .
Properties of merger shocks
Propagation of shock fronts
Another aspect of the merger shocks revealed by the dynamic profile shown in Figs. 5 and 6 is their trajectories.
First of all, it is striking to notice that almost all merger shocks with clear trajectories in Fig. 6 , both major and minor ones, propagate far beyond r 500c and thus belong to the 'runaway merger shocks' ). Some major merger shocks even extend to the cluster periphery, reaching the location of the accretion shock (white dashed line in Fig. 6) .
Secondly, the tracks of the outward propagating merger shocks, especially those of the major merger shocks, are rather straight in the r − t plane. This suggests no significant change in the shock propagation velocity in the diffuse regions over a large range of distance 0 < r 5 Mpc, despite a significant change in the sound speed in this radial range.
The spatial distribution map of the dissipative heating rate (Fig. 8) shows an additional feature of the merger shocks: its propagation is highly anisotropic at large radii. The shock fronts propagate the fastest in directions with low gas densities and are slow, sometimes even quenched, in directions with high-density filaments (see also Fig. 2) . When freely propagating in directions away from the filaments, the strength of merger shocks depends mainly on the density slope of the ICM, which is relatively flat (d ln ρ gas /d ln r ≈ −1) in the central region and progressively steeper in the outskirts. Once a shock reaches a region with a sufficiently steep density slope of d ln ρ gas /d ln r −3, the shock does not get attenuated with time and thus can be 'long-lived' and propagate to very large distances ). On the other hand, when the core of a merging subcluster survives the merger event, it can travel at supersonic speed for some distance, push the merger shock and accelerate it even in regions with flat density slopes (see Fig. 3 of Zhang et al. 2018) . The evolution of a merger shock as it propagates is usually determined by the combination of these two effects. For the major merger events of the galaxy cluster presented in this paper, the cores of the merging galaxy clusters are destroyed during the merger, but some gas particles are accelerated to high speed by the merger. This ejecta moves outward supersonically with little resistance from the surrounding diffuse gas in directions away from the filaments, reminiscent of the free expansion phase of supernova remnant. For some major mergers, the ejecta carries a sufficient amount of momentum so that it is not stopped by the diffuse ICM. Instead, the ejecta propagates to the cluster periphery and what finally stops it is the intergalactic gas flow accreting onto the galaxy cluster. Thus, the merger shock driven by this ejecta moves outward all the way to the accretion shock location, where it joins with the accretion shock and becomes the outer boundary of the heated ICM gas.
Dissipation vs compression at merger shocks
The ratio of adiabatic and dissipative heating rates at the merger shock trajectories (Fig. 9) gives us information about the Mach number of the shock, as the ability of merger shocks in heating and compressing the gas is determined by the latter. Specifically, consider the fractional temperature increase ∆ ln T of the gas across the shock front. The dissipative heating and adiabatic heat- ing contributions are (∆ ln T ) diss = ∆ ln K = ∆ ln P − γ∆ ln ρ gas = ln P 2 P 1 − γ ln ρ gas,2 ρ gas,1 ,
where the ratios of densities and pressures across the shock can be derived from the Rankine-Hugoniot shock jump conditions as ρ gas,2 ρ gas,1
We plot (∆ ln T ) diss and (∆ ln T ) ad as functions of the shock Mach number in Fig. 10 for γ = 5/3. Apparently, dissipative heating is a stronger function of the Mach number, whereas adiabatic heating saturates at high Mach number. The two effects contribute an equal amount of gas heating across the shock front at M ≈ 3.5, above which dissipative heating dominates, and below which adiabatic heating dominates. The ratio of the two heating terms, ∆T ad /∆T diss , decreases monotonically with the Mach number. It approaches infinity at M → 1 and zero at M → ∞.
From Fig. 9 , we can see that the d ln T ad /d ln T diss ratios for the two major outward propagating shocks are below unity for r > 1 Mpc. Comparing this to the theoretical estimation above suggests that they have M > 3.5 there. The later outward propagating shocks starting at t > 10 Gyr, in comparison, have larger d ln T ad /d ln T diss ratios which remain greater than unity out to 2 − 3 Mpc. This is consistent with them being weak shocks induced by minor mergers.
CONCLUSIONS
We have performed a detailed study of ICM heating by analyzing a tracer particle re-simulation of the non-radiative Omega500 simulation. The high time resolution and the Lagrangian nature of the tracer particles allowed us to decompose the heating of ICM into dissipative and adiabatic heating, depending on whether it is associated with entropy increase or not. Combined with the high spatial resolution provided by a large number of tracer particles, we could identify the location, time and mode of heating throughout the mass assembly history of a galaxy cluster. In particular, we have studied the relative contribution of dissipative vs adiabatic heating, and that of shock heating vs turbulence dissipation.
Our main result is that the numerous merger events are the prime heating source of the ICM, as visualised by Figs. 5 and 6. Merger events heat the ICM both directly at merger shock fronts and in a delayed fashion by the dissipation of merger-induced turbulence. The latter dominates the heating in the inner cluster regions of r < r 500c , while the fractional contribution of merger shock heating increases with radius ( Fig. 7) . Outside r 500c , turbulence heating decreases with radius, leading to lower temperatures at cluster outskirts compared to the inner regions. Overall, the heating of the ICM is contributed by dissipative processes distributed over time and space, and more in an 'inside-out' fashion as initiated by the mergers rather than in an 'outside-in' fashion by the accretion shock, a picture very different from that described in the smooth accretion model.
Additionally, our analysis has revealed some underappreciated and new aspects of ICM merger shocks. In particular, the dynamic profile (r − t distribution) of the adiabatic and dissipative heating rates in the ICM (Figs. 5 and 6) prove to be an excellent tracer of merger shocks. While the adiabatic heating rate distribution (Fig. 5 ) reflects the propagation of shock compression and subsequent rarefaction from both major and minor mergers, the dissipative heating rate distribution (Fig. 6 ) reflects the irreversible heating at and following the major merger shocks. A combination of them reveals both the shock trajectories and their Mach numbers (Fig. 9) . Remarkably, merger shocks can frequently run away (i.e., propagate to very large distances much greater than r 500c in directions away from filaments), approach and join the accretion shock in the cluster outskirts.
Our results emphasize the role of mergers, shocks, and turbulence in the growth of galaxy clusters, and highlight a physical link between the non-thermal and thermal properties of the ICM. They provide a theoretical basis for interpreting future X-ray and SZ observations aimed to make sensitive measurements of the ICM properties out to large radii, and will advance applications of X-ray and microwave measurements of galaxy clusters for cosmology. used to advect the tracer particles. These mixing processes affect our analysis in three ways. We explain these effects as well as how we control them in the following. Regardless of its origin, mixing leads to exchanges of T diss and T ad among neighboring gas elements. This is a source of noise for our analysis whose purpose is to study ICM heating during the growth of a galaxy cluster. However, as shown in Appendix. A, the mixing effect in T diss and T ad naturally disappears after sufficient spatial averaging. This is why the r −t distribution of the dissipative heating rate (Fig. 6) is not much affected, that we do not see many dr − dt bins with negative dT diss .
The analysis that is most affected by the mixing effect is the decomposition of the dissipative heating ∆T diss into that occurred in compression / rarefaction regions ( Fig. 7 and Section 4.3). Isobaric mixing introduces an anti-correlation between dK and dρ gas , and thus boosts the amount of dT diss that occurs in rarefaction regions and reduces that in compression regions. Again, binning is needed to suppress this contamination by suppressing the mixing effect. In Section 4.3, we bin the tracer particle density variations in time when determining whether the particle resides in a compression region or a rarefaction region; i.e., we take the density difference between snapshots with a larger time difference rather than that between the subsequent snapshots. The bin size should be large enough to sufficiently suppress the contamination, but small enough to avoid over-smoothing the two regions. We show how the lines in Fig. 7 is influenced by the bin size in Fig. B1 . Without binning (orange lines), the contamination dominates the outcome, causing the total ∆T diss in the compression region to be negative. Binning a few snapshots already largely remove this contamination. For a binning of 10-30 snapshots, the results are rather stable to the size of the binning, showing consistent results of an increasing ratio of ∆T diss in compression regions over that in rarefaction regions. With a bin size of 60 snapshots (red lines), the over-smoothing effect becomes significant, which reduces ∆T diss in the compression region due to smeared shock fronts. This effect already shows up slightly when the bin size increases from 10 to 30 snapshots. Therefore, in Fig. 7 we have chosen the bin size to be 10 snapshots where the overall contamination from mixing and over-smoothing is minimized.
When a mixing process is temporally not well-resolved in the simulation, it can lead to large jumps in the thermodynamical quantities of a gas element between subsequent time steps in locations with large density gradients. In this case, if we still compute dT diss and dT ad according to Eqs. 2 and 3 , they are
and
i.e., they are proportional to the change in ln T . Therefore, like the entropy of the combined system in the example presented in Appendix. A, there are net changes in dT diss and dT ad even after averaging, positive for dT diss and negative for dT ad . As this contamination typically occurs at the boundary between diffuse ICM and dense structures such as filaments and clumps, we limit it by restricting all analysis in this paper to diffuse regions. This measure also reduces the other mixing effect described above.
